(12)INTERNATI< 



APPLICATION PUBLISHED UNDER THE PATEl 



OPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
19 June 2003(19.06.2003) 




PCT 



(10) International Publication Number 

wo 03/050154 A2 



(51) Interaational Patent Classification^: C08G 

(21) International AppUcation Number: PCI AJS02/36140 

(22) International Filing Date: 2 December 2002 (02.12.2002) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

60/336,170 6 December 2001 (06.12.2001) US 

(71) Applicant: CORNELL RESEARCH FOUNDATION, 
INC. fUSmS]; Suite 105, 20 Thornwood Drive, Ithaca, NY 
14850 (US). 

(72) Inventors: COATES, Geoffrey, W.; 13 Beckett Way, 
Ithaca, NY 14850 (US). GETZLER, Yutan, a, Y., L.; 
206 Cleaveland Avenue, Ithaca, NY 14850 (US). WOL- 
CZANSKl, Peter; 5 Woodland Road, Ithaca, NY 14850 
(US). MAHADEVAN, Viswanath; 5 Mineah Road, Apt 
I, Freeville. NY 13086 (US). 



(74) Agent: SPECTOR, Eric, S.; Jones, Tullar& Cooper, P.C, 
P.O. Box 2266 Bads Station, Arlington, VA 22202 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA. CH, CN, CO, CR, CU. 

CZ, DE. DK, DM, DZ, EC, EE, ES, H, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE. KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SK, SL, TJ, TM, TN, TR. XT, TZ, UA, UG, UZ, VC. VN, 
YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ. TZ, UG. ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SI, SK, 
TR), OAPI patent (BF, BJ, Cl^ CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

[Continued on next page] 



(54) Title: CATALYTIC CARBONYI. ATION OF THREE AND FOUR MEMBERED HETEROCYCLES 



< 

IT) 



10 



— 1— 
6 



"T" 

4 




ppm 



^ (57) Abstract: Epoxides, aziridines, thiiranes, oxetanes, lactones, lactams and analogous compounds are reacted with carbon 

2 monoxide in the presence of a catalytically efTective amount of catalyst having the general formula [Lewis acid]^{[QM(CO)x]**"}y 
where Q is any ligand and need not be present, M is a transition metal selected from the group consisting of Groups 4, 5, 6, 7, 8, 
9 and 10 of the periodic Uible of elements, /. is the valence of the Lewis acid and ranges from 1 to 6, w is the chaige of the metal 

^ caibonyl and ranges from 1 to 4 and y is a number such that w times y equals z, and x is a number such as to provide a stable 

^ anionic metal carbonyl for {[QM(CO)x]^*)y and ranges from 1 to 9 and typically from 1 to 4. 
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CATALYTIC CARBONYLATION OF THREE 
AND FOURMEMBERED HEIEROCYCLES 

Cross-Refermce to Related Application 

Tliis application claiois the benefit of U.S. Provisional Application No. 
60/336, 170, filed December 6, 2001, the \>viiole of vAAch is incorporated herein by 
reference. 

Field of the Invention 

This invention is directed to catalytic caibouylation of epoxides, aiaridines, 
thiiranes, oKetanes, lactones, lactams and analogous compounds. 

Background of the Invention 

Poly((i?)-P-hydroxybutyrate), i.e., i?-PHB, a naturally occurring thermoplastic 
polyester, shares many of the physical and mechanical properties of poly(propylene) but 
unlike polypropylene is biodegiadable. Despite proven properties and ready 
applications, industrial production of i?-PHB as a bulk polymer using biological methods 
has, to date, proven economically non-viable. Potential alternate synthetic routes to this 
promising polymer include Baeyer-Villiger oxidation of an isotactic propylene/carbon 
monoxide copolymer, asymmetric hydrogenation of the unsaturated polyester firom ring 
opening polymerization (ROP) of ketene dimer, and ROP of (/?)-P-butyrolactone (R- 
BBL). The first two routes involve post-polymerization modification of a polymer 
backbone, a difficult and unreliable task. The third route uses the proven technology of 
lactone polymerization but presently the starting material i?-BBL is not a readily 
available commodity such as would be required for commercial polymer production. 
Thus, for commercial production of 7?-PHB by the third route, there is a need for an 
efficient, effective, inexpensive process for producing i?-BBL. 
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The approach with the most promise for producmg jR-BBL is the catalytic 
synthesis of /f-BBL from/i-propylene oxide and carbon monoxide. jR-Propjiene oxide 
is readily available through Jacobsen's bydrolytic kinetic resolution as described in 
Tokunaga, M., et al. Science 277, 936-938 (1997). 

Drent, E., et al European Patent Application No. 0577206 is directed to a 
process for the carbonylation of e?q)oxides by reaction with carbon monoxide at elevated 
pressure and temperature in the presence of a catalyst system comprising a source of 
cobalt and a hydroxy substituted pyridine compound. Data is presented in Exai)q)le 5 of 
European Patent Application No. 0577206 where reaction pressurized to 60 bar carbon 
monoxide at 75*'C for 6 hours, is indicated to give 93% conversion of propylene oxide 
with a selectivity of gieater than 90% into P-butyrolactone (BBL). However, Lee, T. 
L., et al, J. Org. Chem 65, 518-521 (1999) and inventors herein were unable to 
produce the results of Drent and rather obtained low (15%) yields of BBL and 
significant amounts of undesired oligomeric by-products. 

Lee, T. L., et aL, J. Org. Chem. 64, 518-521 desciibes the carbonylation of 
propylene oxide usmg 900 psi CO at SO^'C in dimefhoxyethane usmg a mixture of 
|Ph3P=N=PPh3][Co(CO)4] and BFj^EtO as a catalyst to obtain a yidd of 77% BBL 
(some a-methyl-P-propiolactone also was produced) in a 24 hour reaction. This result 
leaves room for consideration of other catalyst syst^ns. 

^^CntmnflTy of the Invention 

It has been found herein that tiie catalytic activity of the catalyst system used for 
carbonylation of epoxides is mediated by modification of the cation therein and that use 
of a cationic Lewis acid as the cation in the catalyst system provides a novel approach. 
While the BF3 in the catalyst of Lee et aL is a Lewis acid, it is a neutral Lewis acid. The 
cation in the Lee et aL catalyst system is [Ph3P=N=PPh3]'^ which is not a Lewis acid. It 
is possible that a cationic Lewis acid is formed in situ in the reaction described in Drent 
et aL European Patent Application No. 0577206. The instant invention does not 
embrace the Drent et al. catalytic system or any catalyst formed therefrom and in one 
subset embraces only formation of cationic Lewis acid extrinsic to the carbonylation 
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reaction and charging substrate and catalyst and then reacting ivith carbon monoTdde 
underpressure. 

In a preferred embodiment herem, the catalyst system provides very high yields in 
short reaction time (e.g., yields greater than 95% BBL or A-BBL hi less than 2 1/2 
hours). 

Furthermore, it has been foimd that the catalyst system herein is useful not only 
for carbonylation of /{-propylene o:dde and propylene oxide but also for carbonylation 
of analogs of these and also for carbonylation of corresponding four membered 
heterocycles. BBL and said carbonylation products of analogs may be polymerized to 
form polymers which may be used as additives to i?-PHB to modify the properties 
thereof Furthermore, resulting chiral lactones, lactams, thiolactones, y-lactones and 
anhydrides, etc. are usefiil in organic synthesis. 

An iovention of one embodiment herem, denoted the &st embodiment, is 
directed to a process for carbonylation of a compound having the formula: 



where Rj, R^, and R4 are selected from the group consisting of hydrogen, 
Ci-Cioo,ooo~alkyl, C2-Cioo,ooo-alkenyl and C^^^^m-^^ *® alkenyl and aryl 
are optionally substituted with halogen or benzyl ether, and alkylaryl, ester, ketone, 
alcohol, acid, aldehyde, amide and tosyl containing from 1 to 20 carbon atonas, and 
benzyl ether, alkyl substituted silyl ether where the ether group is Ci-Cg alkylene and 
where the alkyl substitution consists of one to three Ci-Cg alkyl(s) substituted on silyl, 
and any other ftmctionality that the catalyst referred to below is tolerant 0^ and where 
where R^ and R4 can join to form a ring, and X is selected from the group consisting of 
O, S and NR5 where R5 is selected from the gioup consisting of hydrogen, 
Ci-C,oo,ooo"alkyl, Ca-Ciocooo-alkenyl and C^-Cioo^ooo-aiyl where the alkyl, alkenyl and aryl 
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are optionally substituted with lialogea or benzyl ether, and alkylaiyl, ester, ketone, 
alcohol, add, aldehyde, amide and tosyl containkg firom 1 to 20 carbon atoms and 
benzyl ether, alkyl substituted silyl ether where the ether group is Cj-C^alkylene and 
where the alkyl substitution consists of one to three Cj-Cg alkyl(s) substituted on sflyl, 
and any other fimctionality that the catalyst referred to below is tolerant of and does not 
cause rean-angement and where n is 0 or 1, and Y is C=0 or CBj, said process 
comprising the step of reacting compound (I) with carbon monoxide in the presence of a 
catalytically effective amount of catalyst having the general formula pLewis 
acid]^{[QM(CO)J*^}y where Q is any ligand and need not be present, M is a transition 
metal selected from the group consisting of transition metals of Groups 4, 5, 6, 7, 8, 9 
and 10 of the periodic table of elements and z is the valence of the Lewis acid and ranges 
from 1 to 6, w is the charge of the metal carbonyl and ranges from 1 to 4 and is usuafly 
1, y is a number such that w timesy equals z and xis a number such as to provide a 
stable anionic metal caibonyl for {[QM(CO)J'^}y md ranges from 1 to 9 and typically 
from 1 to 4, to form a product having the structural formula: 



R4 foraung a ring if that is the case for (I), and in the case where n for (I) is 0, n for (II) 
is 0 or 1, and in the case where n for (I) is 1, n for (II) is 1; said catalyst excluding 
catalyst fonned fr om the combination of a cobalt source and a hydroxy substituted 
pyridine. 

The alkyls include branched as well as straight chain alkyls. 
C1-C100.000 alkyl, C2-Cioo,ooo alkenyl and Q-Cioo^ooo aryl used in the definition of R,, R2, Rg, 
R4 and R5 allow for the heterocycles being pendant to polymers; where the heterocycles 
are not pendant to polymers, the range for alkyl can be, for exanq>le Cj-Cm^ the range 
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for aBceayl can be, for example, C2*^2o> range for the aryl can be, for exan]$>le. 

The term 'lialogen'* inchides fluorine, chlorine, iodine and bromine. 

The term "any other fiinctionaUty that the catalyst referred to below is tolerant 
of is used herein to mean that the fimctionality can be present widiout causing the 
catalyst to be mactive. 

The tenn "does not cause rearrangement" excludes the case vAi&Te one or more 
moieties, particularly R^, become part of or the ring that is formed, e.g., in the case 
where is benzoyl as is demonstrated below, or otherwise change the order of 
connectivity mherent in the starting heterocycle excluding the insertion of C=0 
fimctionality as defined above. 

The term "such as to provide a stable aniotdc metal caibonyl fox 
{[QM(CO)jr};'is used herein to mean that {[QM(CO)J^}y is a species 
characterizable by analytical means, e.g., NMR, IR, X-ray crystallography, Raman 
spectroscopy and/or electron spin resonance (EPR) and isolable m catalyst form as the 
anion for a Lewis acid cation or a ^edes formed in situ^ excluding those that may result 
firom the combination of a cobalt source, carbon monoxide and hydroxy substituted 
pyridines as set forth ia Dreat et aL European Patent Application No. 0577206. 

In a subset of the invention of the first embodun^t of the invention herein, at 
least one of R^, Rj, Rj and R4 is not hydrogen. 

In the subset of the first embodiment of the invention where n for (I) is 0 and n 
for (n) is 1, epoxide or analog is doubfy carbonylated, arriving at the resultant anhydride 
or analog without the necessity of isolating the intermediate lactone or analog, thus 
providing a so called "one pot" reaction. 

Ia a subset of the invention of the first embodiment of the invention herein, the 
catalyst is added catalyst, ie., is not formed in situ in the carbonylation reaction, 

A prefeiTed catalyst has the stmctufal foimula: 
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wJxere So is tetrahydrofiiran and TBu is t-butyl and M is Al or Cr. This catalyst wh^e M 
is Al is referred to herein as Catalyst (G). 

Another preferred catalyst has the structured fbnnula; 



'fiu 



(vn) 



where THF is tetrahydrofiiran and "Bu is t-butyl and M is Al or Cr. This catafyst where 
M is Al is referred to as catalyst (E'). 

Still another prefened catalyst has the structural formula: 



•Co(CO)4 




(X) 



■where So is tetrahydrofiuran and *Bu is t-butyL This catalyst is referred to as catalyst 
(H). 

Stin another preferred catafyst has the structural fotmula: 
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where So is tetrahydro&ran and Ph is phenyl This catalyst is referred to as catalyst (J). 
Still another preferred catalyst has the structural formula: 




vAieiQ M is titanium with a valence of three. This catalyst is refeixed to as catalyst (G^). 
Still another preferred catalyst has the structured f9m9.uk: 




^ere M is samarium with a valence of three. This catalyst is referred to as catalyst 

Another embodiment of the invention denoted the second embodiment is directed 
to the case.wiiere the compound carbonylated has the structural formula: 




where Ph is phenyl, and the process comprises the step of reacting compound (XI) with 
carbon monoxide in the presence of a catalytically effective amount of catalyst having 
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the general foimula [Lewis acid]**^{[QM(CO)J'^}y where Q is any ligand and need not 
be present, M is a transition metal selected from the group consisting of transition metals 
of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic table of elements and z is the valeace of 
the Lewis acid and ranges from 1 to 6, w is the charge of the metal carbonyl and ranges 
from 1 to 4, and y is a number such that w times y equals z and x is a number such as to 
provide a stable anionic metal carbonyl for {[QM(CO)J'^}y and ranges from 1 to 9 and 
typically from 1 to 4, to fonn a product which conqprises a mixture of: • 



The compound pQ) has the stractmal fomiula (I) where n is 0, X is NR5 and R5 is 
benzoyl. In this case Rj participates in reanangement whereby the carbonyl of R5 
becomes part of the ring of the product and the Ph of R5 becomes directly bonded to the 
ring of the product. 

A third embodiment of the invention is directed to novel catalysts usefiil for 
carbonylation reactions of the first and second embodiments of the invention. 

One genus of novel catalysts for the third embodiment compiises confounds 
having the structural formula : 



where ^u is t-butyl and M is Al or Cr and So is a neutral two election donor. A 
preferred catalyst of this genus has the stiiictural formula (V) vsdiere M is Al and the 
neutral two electron donor is tetrahydrofuran and is referred to as catalyst (G). 




and 
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Anothei' geaus of novel catalysts for the third embodhnent comprises confounds 
having the structural formula: 




(vm) 



where TBu is t-biityl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the structural formula (Vm) where the neuti-al two electron donor is 
tetrahydrofioran and is referred to as catalyst (B). 

Another genus of novel catalysts for the third enal)odimCTt comprises conq>oimds 
having the structural formula: 




(DO 



where *Bu is t-butyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the formula (IX) where the neutral two electron donor is tetrahydrofiuran and 
is referred to as catalyst (F), 



wo 03/050154 




PCT/US02/36140 



-10- 

Also included in the third embodiment is the con^oimd having the structural 
formula: 




(VH) 



where *Bu is t-butyl, THF is tetrahydrofuran and M is Al This compound is referred to 
as catalyst (E^). 

Another genus of novel catalysts for the third embodiment conq)rises compounds 
having the structural formula: 




vdiere %u is t-butyl and So is a neutral two electron donor. A preferred catalyst of this 
genus has the structural formula (X) where the neutral two electron donor is 
tetrahydrofiuran and is referred to as catalyst (H). 

Still another genus of novel catalysts for the third embodiment coruqprises 
conqpounds having the structural formula: 




(XD 
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vAere Ph is phenyl and So is a two electron donor. A preferred catalyst of this genus 
has the structural formula (XI) where the neutral two electron donor is tetrahydrofuran 
and is referred to as catalyst (J). 

Further variatiou of metal and Kgaud architecture will be obvious to those skilled 
in the art. 

Brief Description of the Drawings : 

FIG. 1 shows NMR data for Catalyst (G); the y-axis for the figure is arbitrary 
intensity. 

Detailed Description : 

We turn now to the compound to be caibonylated in the first embodiment which 
has the formula: 



where Rj, R^^ and R4 are selected fix)mthe group consisting of hydrogen, 
Ci-<Jioo.ooo-alfcyl> C2-Cioo,ooo-aD^enyl and Ctf-Cjoo^oop-aryl, where the alkyl, alkenyl and aryl 
are optionally substituted with halogen or ben^l ether, and alkylaiyl, ester, ketone, 
alcohol, aicid, aldehyde, amide and tosyl containing firom 1 to 20 carbon atoms and 
benzyl ether, alkyl substituted silyl ether where the ether group is Ci-C^ alkylene and 
^ere the alkyl substitution conasts of one to three Cj-Q alkyl(s) substituted on sflyl 
and any other fimctionality that the catalyst referred to below is tolerant of, and where 
R2 and R4 can join to form a ring and X is selected &om the group consisting of O, S and 
NR5 where is selected fi'om the group consisting of hydrogen, Cj-Cjoo 000-alkyl, 
Cioo.ooo-alkenyl, and C^Cioo.ooo~aiyI where the alkyl, alkenyl and aryl are optionally 
substituted with halogen or benzyl ether, and alkylaryl, ester, ketone, alcohol, acid, 
aldehyde, amide and tosyl containing fiom 1 to 20 caibon atoms, and benzyl ether, alkyl 
substituted silyl ether where the ether group is Cj-Cfi-alkylene and where the alkyl 
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substhutioa consists of one to three C^-Cg alkyl(s) substituted on silyl, and any other 
fimctionality that the catalyst referred to below is tolerant of and does not cause 
rearrangement and where n is 0 or 1, and Y is OO or CHj. 

We turn now to the examples of compound (I) where n is 0 and X is O, ie., 
\^*dch are epoxides. Hie compound (I) of most interest herein is R-propylene oxide, Le., 
conqjound (I) where X is O and Rj is H, Rj is H, Rg is (R>-Me and R4 is H, smce 
carbonylation of that conopound herein provides R-BBL Other monocyclic epoxide 
con[q)ounds (I) herein include, for example, ethylene oxide (compound (1) where n is 0 
and X is O and RiisHjR^isHjR^isH and is H), propylene oxide (confound (I) 
where n is 0 and X is 0 and Ri is H, Rj is H, R3 is Me and R4 is H); 1-butene oxide which 
also may be named 1,2-epoxybutane (compound (I) where n is 0 and X is O and Rj is H, 
R2 is H, R3 is Et and R4 is H); 1-heptene oxide (compound (I) where n is 0 and X is O 
and Ri is H, is H, R3 is CsVLn and is H); isobutylene oxide (conq)Ound (I) where n 
is 0 and X is O and RiisH^R^isE^RgisMe and R4 is Me); 2,3-epoxybutane 
(compound (I) where n is 0 and X is O and R| is H, is Me, R3 is Me and R4 is H); 
epichlorohydiin (compound (I) where n is 0 and X is O and RiisH^RsisH^R^is CHjCl 
and R4 is H); and epibromohydrin (compound (I) where n is 0 andX is O and is H, R, 
is R3 is CEyBr and R4 is H); l,2-epoxjr-5-hexene (compound (I) \?^ere n is 0 and X is 
OandRiisH,R2isH,R3isHandR4is -(CH2)2CH=CH2); and benzyl glycidyl ether 
which has the formula: 



Le., compound (I) where Rj is H, R^ is H, R3 is CH^OCH^Ph and R4 is H. Exan5)les of 
bicyclic epoxides for compound (I) include, for example, cyclohexene oxide (compound 
(I) where R^ is H, R3 is H, and R^ and R4 form -{CB^y^, cyclopentene oxide (compound 
(I) where Ri is H, R3 is H and R^ and R4 form -(CB^)^-, cyclooctene oxide (compound 
(f) where Rj is H, R3 is H and R^ and R4 form -(CK^^") and cyclododecene oxide 
(conq)ound (I) where R^ is H, R3 is H and Rj and R4 foim -(CHJiq-)- T^^^ monocyclic 
and bicyclic epoxides are all available commercially. 
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We turn now to e?cairq[)les of compound (I) vAisre n is 0 and X is NR5 vAiexQ "R^ 
is selected from the group consisting of Cj-Cioo^ooo-alkyl, C2-Cioo,ooo"^^yl 
C^ioQ.ooo~'^l> where the alkyl, alkenyl and aiyl are optional^ substituted with halogen 
or bens^l ether, and alkylaiyl, ester, ketone, alcohol, acid, aldehyde, anoide and tosyl 
containing from 1 to 20 carbon atoms and benzyl ether, alkyl substituted silyl ether 
where the ether groiq) is C^-C^alkylene and where the alkyl substitution consists of one 
to three C^-Q alkyl(s) substituted on silyl, and any other functiomility that the catalyst 
referred to below is tolerant of and does not cause rearrangement. These conopounds 
are aziridines. These include ethyl efliyleaeimine, also denoted 2-ethyla2iridine, 
(conq)Ound (T) where n is 0 and X is NH, Rj is H, R2 is H, Rg is Et and R4 is H) which is 
commercially available. Other aziridines usefid herein, which are commercially available, 
are listed ia Aldrichimica Acta 2001, 34(2); these are cis-2,3-diphenyH-propylaziridine; 
trans-2,3-diphenyH-propylaziridine; cis-l-isopropyl-2,3-diphenylaztridine; trans- 1- 
isopropyl-2,3-diphenylaziridine; 2-methylaziridine; cis-l,2,3-triphenylaziridine; 1- 
aziidineethanol; l-benzyl2-methyl(S)-(-)-l,2-azuidinecarboxylate; (S)-(+)-2-benzyl-l- 
(p-tolylsulfi>nyl)aziridine; metbyl (S)-(-)-l-trityl-2-a2iridinecarboxylate; and 
trimethylolpropane tris(2-methyl-l-a2iridinepropionate). Another aziridine usefid herein 
is l-benzyl-2-meth}iaziridke, Le,, compound (I) where n is 0 and X is NCHj (C5H5), Ri 
isH,R2isH,R3isH and R4 is Me; this compound can be made as described in Kotti, 
M.E., et al, J. Am Chem Soc. 118, 111-116 (1996). Still another azhidjneuse&l herein 
is 7-bea2yl-7-azabicyclo[4. 1.0]heptane; i.e., conqiound (I), vAkeie n is 0 and X is 
NCHaCC^), Ri is H, R3 is H and Rj and R4 are linked by -(CHj)*-; this confound is 
made in Background Example 1 hereinafter. Still another aziridine usefid herein is 1- 
tosyl-2-methylazridine (compound (I) where X is NOS(=0)2C7H8, Rj is H, R^ is H, R3 is 
H and R4 is Me; this compound is made is Background Example 2 hereinafter. Still 
another aziridine useful herein is cis-l-ben2yl-2-(tert-butyldimethylsilyloxymethyl)-3 
aziridine (compound (I) where X is MI, R^ is CH2C5H5, RjisH,R9isHandR4is 
CH20Si(CH3)2[C(CH3)3]; this compound is made as described in Piotti, M.E,, et al., J. 
Am. Chem Soc. 118, 111-116 (1996). Other aziridines usefidherein are available 
through well estabhshed synthetic routes, for example, from epoxides via ring opening 



wo 03/050154 




PCTAJS02/36140 



-14- 

with a piimaiy amine and ling closure with efhyl diazoacetate or from alkaaes wiQi R- 
K~N-R' using a copper catalyst. 

We turn now to examples of compounds (I) where n is 0 and X is S. These 
compounds are thiiianes. Itmranes useful herem that are commercially available include 
aliphatic thiiranes that are commercially available in gram to kilogram quantities, e.g., 
propylene sulfide, epithiochlorohydrin and isobutylene sulfide. A number of other 
fimctionality substituted (Le., esters, acids, amides, ketones, etc.) thiiranes are also 
available although many of those only in sub-gram quantities. 

We tura now to examples of compounds (I) where n is 1 and X is O and Y is 
CH^. These compounds are oxetanes. An oxetane useful herein has the stiuctuxe (I) 
where n is 1 and Y is CH^ and Ri, R^, R3 and R4 are H and is denoted oxetane and is 
available commercially. Other oxetanes are commercially available or can be made by 
standard procedures in the chemical literature. 

We turn now to exau5)les of compounds (I) where X is O , n is 1 and Y is C=0. 
These compounds are lactones. Lactones usefid herein include those having the 
stmcture (I) vsdiere XisO,nislandYis O=0 where R„ R3 and R4 are H and Rj is Me, 
Et or CCI3 or vAexe R^, Rj and Rj are H and R3 is Me or Ph; these conipounds are 
available commercially. Other lactones can be miade by the process described herein or 
as described in references dted in Mahadevan, V., et al, Angew. Cheia Int. Ed. 41, No. 
15, 2781-2784 (2002) and Getder, Y. D.Y.L., et al, J. Am. Chem. Soc. 124, No. 7, 
1174-1175(2002). 

We turn now to examples of oomp ounds (I) where X is NR5, n is 1 and Y is 
C=0. These compounds are denoted lactams. These compounds' are commercially 
available or can be made by the process outlined herein or by other processes described 
in the chemical literatme. 

Compounds (I) where X is NR5, n is 1 and Y is CHLj are azetidines. The 
compound where R5 is H, n is 1, Y is CH^ and R^, R^, R3 and R^ are H is commercially 
available. Others can be synthesized. 

Compounds (I) where X is S, n is 1 and Y is C=0 are thiolactones. Synthesis of 
some of these can be carried out as described in the chemical literature. 
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Coixq)oimds (I) where X is S, a is 1 and Y is CHj are thietanes. Hie coii5)oiiiid 
where XisS,ttisl,Yis CH^ and Rj, Rj, Rg and R4 are H, is commercially available. 
Others can be synthesized. 

We turn now to the processing conditions for the method of the first 
embodiment, ie., the step of reactmg the compound (I) with carbon monoxide in the 
presence of a catatytically ejBfective amount of catalyst having the general formula [Lewis 
acid]^{[QM(CO)J'^}y where Q is any ligand and need not be present, M is a transition 
metal selected from the group consisting of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic 
table of elements, z is the valence of the Lewis acid and ranges from 1 to 6, for exajnple 
is 1 or 2, w is the charge of the metal carbonyl and ranges from 1 to 4 and usually is 1 
and y is a number such that w times y equals z, and x is a number such as to provide a 
stable anionic metal carbonyl for {[QM(CO)J^}y and ranges from 1 to 9 and typically 
from 1 to 4. 

Thereaction^eguationis: - 



where R^^ R^^ R4, X, Y and n are as defiaed above. 

The reaction is carried out at a temperature ranging fr om 0*C to 120 *'C, 
preferably from 40 to 80°C. 

The mole ratio of CO to confound (I) should be at least 1: 1 because of 
stoichiometry. 

The reaction can be driven by a high concentration of CO. One way of 
accon:q>lishing a high concentration of CO is to use high pressure CO, ie., an amount of 
CO to impart a pressure ranging from 100 to 10,000 psi, preferably from 75 to 1,200 
psl 

We turn now to the reaction catalyst. As indicated above, the reaction catalyst 
has the geaeral formula [Lewis acid]^{[QM(CO)J'^}y where Q is any ligand and need 
not be present, M is a transition metal selected from the group consisting of transition 




R4 



Catalyst 




^2 . R3 
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metals of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic table of elements, z is the valence 
of the Lewis add and is 1 or 2, w is the charge of the metal carbonyl and ranges from 1 
to 4 and usually is 1 and y is a number such that w times y equals z and x is a number 
such as to provide a stable anionic metal carbonyl for {[QM(CO)J'^}y and ranges from 
1 to 9 and typically from 1 to 4. 

As indicated above, the catalyst in one subset is referred to as added catalyst. 
The term "added" means that the catalyst is formed extrinsic to the carbonylation 
reaction and is chai ged to the reaction before, during or after pressm-ization. 

We turn now to the [Lewis add]^, ie., to the cationic Lewis acid portion of the 
catalyst. TTie term "Xewis acid" is used to mean an electron pair acceptor that can 
combine with a molecule or ion that is an electron pair donor forming either covalent or 
coordinative bond(s), and the term ''cationic Lewis add" is used to mean a Lewis acid 
that has one or mon^ positive diarges. Preferably, the cationic Lewis add portion of the 
catalyst contains a cietal, e.g., aluminum or chromhun, and a neutral two electron donor 
whichiscoordinatis'ely or covalentlyboimdtothemetaL The neutral two electron 
donor has the fimction of filling the coordination valence of the cationic Lewis add. In 
the catalysts B, E*, n\ F, G, H and J made herein, the neutral two electron donor is 
tetrahydrofiiran (THF) and is an artifact &om the catalyst synthesis. Other neutral two 
electron donors for the cationic Lewis add portion of the catalyst besides THF, mclude, 
for example, diethyl ether, acetonitrile, carbon disulfide or pyridine. In the catalyst 
synthesis, the neutral two electron donor can be provided as the reaction solvent which 
can be added before or with or after the other reactants but is preferably added so as not 
to disturb the air fr ee envh oument which is preferred for catalyst synthesis. Cationic 
Lewis acid portion of catalyst without a neutral two electron donor is also possible and 
can be provided by synthesiring the catalyst in a reaction solvent which is not a neutral 
two electron donor providing solvent or by heating catatyst where the cationic Lewis 
portion of catalyst contains a neutral two electron donor. 

We turn now to the anionic portion of the catalyst whidi is {[QM(CO)J'^}y 
where Q is any ligand and need not be present, M is a transition metal selected from the 
groiq) consisting of transition metals of Groups 4, 5, 6, 7, 8, 9 and 10 of the periodic 
table of elements, z is the valence of the Lewis add and is 1 or 2 or more, w is the 
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charge of the metal carbonyl and ranges JBroia 1 to 4 and is usually 1, y is a nunaber such 
tibiat w times y equals z and x is a number such as to provide a stable anionic metal 
carbonyl fox {[QM(CO)J'^}y and ranges from 1 to 9 and typically from 1 to 4. When Q 
is not present, the metals of Groups 7 and 9 are prefened. The metals of Group 7 
include, for example, manganese. The metals of Group 9 include cobalt, rhodium and 
iridium. A very preferred metal Mis cobalt. We turn now to the optional constituent Q 
which is any ligand; the term 'ligand" is used to mean any discrete species that could 
have existence separate fr om the transition metal M. Suitable constituents Q include, for 
exanq)le, triphenylphosphhie, cyclopentadienyl (Cp), and pentamethyl cyclopentadienyl 
(Cp*), ligated metal carbonyl anions are readily accessible, in one step through well- 
known chemistry, e.g., by reduction of Co2(CO)8 which is commercially available. 

The reaction catalysts are preferably formed in an air-free environment using 
standard glovebox and Schlenk-type techniques. 

The catalysts where w is 1 and y is equal to z and z is 1 are formed by the 
reaction of [Lewis acid]-X with [QM(CO) J-Y where X is any leavmg group and Y is a 
moiety that will form a salt with X or, ahematively, the catalysts where z ranges from 1 
to 6, for example is 1 or 2, ai e formed from a redox reaction of [Lewis acid""] and 
z/2Q2M2(CO)a, to foim [Lewis acid ^"*^^'*{[QM(CO)J">, where m is the oxidation 
state of the metal, z is both the valence of the Lewis acid and the number of anions 
assodated with it and ranges from 1 to 6, for exan^jtle is 1 or 2, M is a transition metal 
selected from the group consisting of ti-ansition metals of Groups 4, 5, 6, 7, 8, 9 and 10 
of the periodic table of elements, and x is the number required to form a stable anionic 
carbonyl for {[QM(C0)J''}2. Complexes of the type [QM(CO)J-Y can be made by the 
reduction of the anionic species [QM(C0)J2 where Q, M and x are as defined for 
{[QM(CO)J"}j,. The species [QM(C0)J2 in many cases are commercially available. 
Reducmg agents include sodium amalgam and as described in Edgell, W. F., et al, Inorg. 
Chem. 1970, 9, 1932-1933, sodium hydroxide. This method was used in the synthesis of 
catalyst D (Catalyst Makmg 3, hereinafter). 
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Qae genus of preferred catalysts herein have the structure: 




Co(CO)4- 



(VD 



where M is a metal such that (VI) is stable vAxqxq stable means that the catalyst remains 
active for the course of the reaction. M can be, for example, titanium with a valence of 3 
(catalyst (G^)), samarium with a valence of 3 (catalyst (G?)), lanthanxun with a valence of 
3 or hafiiium with a valence of 3. Catalyst (Gr^) can be made as described in Merola, 
J.S., et aL Ihorg. Chem 28, 2950-2954 (1989) as well as Merola, IS., et al, Inorg. 
Chim Acta 165, 87-90 (1989). Catalyst (GP) can be made as described in Evans, W. J., 
et aL, Inorg. Chem. 24, 4620-4623 (1985) as well as, in Evans., W.J., et al., J. Am. 
Chem. Soc 107, 941-946 (1985). Other catalysts (VI) can be made in corresponding 
fishion. 

Another catalyst herein is catalyst (G) described abofve. Ihe synthesis of 
catalyst (G) is described in Catalyst Maldng Example 1 hereinafter. Catalyst (G) naay be 
referred to as [(salph)Al(THF)J[Co(CO)J \Adiere salph is N,N'-bis(3,5-di-tert- 
bulylsalicylidene)- 1 ,2-phenyl^ediamino. 

Other catalysts for use herein are the catalysts denoted herein as catalysts B, D, 
E^E^F,HandJ. 

Catalyst (B) has the formula: 
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where TBDF is tetrahydrofiiran and is t-butyL Tlie syntheas of Catalyst (B) is 
described ia Catulyst Making Example 2 hereinafter. Catalyst (B) was very active but its 
synthesis as described in Catalyst Making Exan5)le 2, has been difficult to replicate. An 
ahemative route is the route to make catalyst (F) which is described in Background 
Example 6 hereinaficsr. 

Catalyst (D) 1ms the formula (NaHCoCCOXr. The synthesis of Catalyst (D) is 
described hi Catalyst lixample 3 hereinafter. 

Catalysts (E^) and (&) have the formula: 



where THF is tetrahydrofuiim and "Bu is t-butyl and M is Al for Catalyst (£}) and M is 
Cr for Catalyst (E^). The synthesis of Catalyst (E*) is described in Catalyst Makmg 
Example 4 hereinafter. The synthesis of Catalyst (E*) is desciibed in Catalyst Makmg 
Example 5 hereinafter. 

Catalyst (F) has the formula: 



Bu THF 

where THF means tetrahydiofuran and 'Bu is t-butyL The synthesis of catalyst (F) is 
described k Catalyst Making Example 6 hereinafter. 
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Catalyst (H) has die jfomula: 




where So is tetrahydrofiiran and is t-butyL The synthesis of Catalyst (H) is described 
in Catalyst Making Exan^le 7 hereinafter. 
Catalyst (J) has the fonnnla: 



where So is tetrahydrofuran and Ph is phenyl Ihe synthesis of catafyst (J) is described 
in Catalyst Making Example 8 hereinafter. 

An exan^le of a catalyst where z is 2 is [(salen)M]^[Co(CO)4]2"" where salen is 
any tetracoordinate dianionic ligand synthesized from a diamine and two equivalents of a 
2-hydroxybenzaIdehyde, which can be made from reaction of one equivalent of 
(salen)Sn^ with one equivalent of Co2(CO)8 and M is a metal. The (salen)Sn^ is readily 
obtaiaable from [(Me3Si)2 N]2 Sn and (salen)H2 where (salen)H2 is the protonated form 
of the ligand as shown in Ruchta, et al, ICS. Dalton Trans. 20, 3559 (1999). 

For the catalysts [Lewis acid]^{[QM(CO)J^}y, other Lewis acids besides what 
are illustrated above and their synthesis, will be obvious to those skilled in the art. 

The mole ratio of compound (I) charged to catalyst charged, can range, for 
example, from 1:1 to 10,000:1 and preferably is 100:1 to 2,000:1 and the best ratio 
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enviaoned is 1,000: 1. A mole ratio of 100: 1 was fouad to give the best conversions but 
approximatefy 1,800:1 gives nmch better activity. 

We tUTQ now to the solvent for the reaction. The reaction may be carded out 
neat, ie., without added solvent and vsAiere the compound (I) is the reaction vehicle to 
reduce waste disposal requirements as well as to simplify purification. If the reaction is 
not carried out neat, it may be carried out in diglyme, triglyme, dimethoxyethane 
(denoted DME hereinafter), or preferably in tetrahydrofuran, or may be carried out in 
any solvent in vMch catalyst, substrate and product are all soluble. 

In the case where the compound (I) is a monocychc epoxide and a single 
carbonyl is introduced, the reaction product of interest is a p-lactone. The terarinology 
"P-lactone" is because the lactone can be formed by dehydrative lactonization of a p- 
hydroxy acid. In the case where the epoxide is bicycHc, there is no common name such 
as P-lactone and TUPAC would name the product according to bicycKc nomenclature. 
For example, the product of the carbonylation of cydohexene oxide would be caUed 7- 
oxa-bicyclo[4.2.0]octan-8-one. The products of carbonylation of cyclooctene oxide and 
cyclododecene oxide are respectively called 9-oxa-bicyclo[6.2.0]decan-10-one and 13- 
oxa-bi(grclo[10.2.0]tetradecan-14-one and are products made in carbonylation Examples 
XLI and XLII and are embodmieats of the invention herein. 

In the case v\4iere the compound (I) is a monocyclic aziridine and a single 
carbonyl is introduced, the reaction product of mterest is a P-lactam 

In the case where the compound (I) is a monocychc oxetane, the reaction 
product of mterest is a v-lactone. 

In the case where the compound (I) is a monocychc thiirane and a single carbonyl 
is introduced, the reaction product of interest is a thiolactone. 

In the case where the compoimd (I) is a monocychc lactone, the reaction product 
of interest is a cychc acid anhydride. 

Inthecaseoftheconq)ound(I)whereXisNR5,nis 1 and Y is CH^ and the 
compound (I) is monocychc, ie., where the corcpound (I) is a monocyclic azetidine, the 
reaction product of interest is a Y-lactam. 
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In the case of the compotind (I) where X is n is 1 and Y is 6=0 and the 
compound (I) is monocycKc, te., where the conipound (I) is a monocyclic p-lactam, the 
reaction product of interest is a 2,5-pyrroIidinedione. 

In the case where the compound (I) where X is S,n is 1 andYisOO and the 
compound is monocyclic, Le., where the compound (I) is a monocyclic thiolactone, the 
reaction product of interest is a cycKc auhydrosulfide. 

In the case of the compound (1) where X is S, n is 1 and Y is CH^ and the 
compound (I) is monocyclic, i.e., where the compound (I) is a monocychc thietane, the 
reaction product of interest is Y-thiolactone. 

The yield of product of interest is determined from two con^oneats, Le., the 
percent of compound (I) consumed, and the percent selectivity which is product of 
ittterest as a percentage of all products^ and the percent conversion times percent 
selectivity gives yield percent The yield percents obtained were related to catalyst and 
conqjouud (I). For propylene oxide and i?-propylene oxide, catalyst (G) give percents 
conversion of 95% with selectivity greater than 99%. For propylene oxide. Catalyst (B) 
givejs percent conversion of 99% and percent selectivity greater than 99%. 

The time of reaction is a parameter affecting percent yield. la general, times of 
reaction can range, for example, from 15 mumtes to 96 hours. The preferred time of 
reaction for Catalyst (G) is one-half to 2 and one-half hours excq)t where compound (I) 
was q)ichlorohydrin a time of 8-12 hours was more appropriate. 

We turn now to the case where n for (I) is 0 and n for (II) is 1, and epoxide or 
analog is doubly carbonylated arriving at the resultant anhydride without the necessity of 
isolatmg the intermediate lactone or analog, thus providing a so-called "one pof ' 
reaction. The reaction condition mamly affecting this is time of reaction. In other 
words, suflScient time is provided for a first caitonylation reaction to proceed to a finish 
whereupon suflBlcient fiuther time is provided for the second carbonylation to be 
effected. Also reaction temperature, mole percent catalyst, catalyst used, substrate used 
and solvent, could influence conversion and selectivity. 

The P-lactone products can be converted to polymers with metal alkoxide 
catalysts. See Reitii, L.R., et al, J. Am. Chem. Soc. 2002, paper accepted for 
pubfication. See also Muller, H. M., et al, Angew. Chem. Int. Ed. EngL 1993, 32, 477- 
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502 and refereaces dted thereia. See ako the following in respect to potymerization of 
p-lactones: Kiircok, P., et al, Macromolecules 1992, 25, 2017-2020; Hoii, Y., et aL, 
Macromolecules 1993, 26, 5533-5534; Le Borgae, A, et al, MacaromoL Rapid 
Commun. 1994, 15, 955-960; Lenz, JL W., et at, Can. J. Microbiol 1995, 41, 274-281; 
Cheng, M., et al, J. Am. Chem. Soc. 1998, 120, 11018-11019; and Schechtnaan, L. A., 
et al, J. PolyuL Prepr. (Am. Cliem Soc, Div. Polym. Chem.) 1999, 40(1), 508-509. 

The utility of the product from polymerization of 7i-BBL, namely i?-PHB, is 
described above. Copolymers with lactones other than i?-BBL give the ability to 
mediate the properties of the resultant polymer, e.g., plasticity, bander properties and 
rate of degradation. The lactones, particularly chiral lactones, are also useM as 
synthetic intermediates in organic chemistry (e.g., see Gelhnan, S. H., Chem Res. 31, 
173 (1988); and Seebach, D., et al, Chem. Commun. 2015 (1997) which refers to chiral 
lactones as aldol analogs. 

The lactam products can be converted to polymers with metal anion or mietal 
amide catalysts. The polymers are called poly(lactam)s and have also been called poly- 
beta-peptides, and have been discussed k the literature as '1)iomimetic materials." See, 
for example, Magriotis, P. A., Angew. Chem Int. Ed. Engl 2001, Vol 40, 4377-4379. 

Products from polymerization of lactams, have utility, for e?caniple, for drug 
delivery. The lactams thwnselves may be used in antibiotics. 

The thiolactone products (also called 4-alkyl-thietan-2-ones) can be converted to 
polymers or copolymers. For example, a copolymer of BBL and 3-mercaptopropionate 
(the thiolactone from the carbonylation of ethylene sulfide) can be prepared; the 
copolymer has modified properties from those of poly(p-hydroxybutyrate). 

The Y-lactone and anhydride products for carbonylation of confound (I) where 
n=l and analogs thereof have utility for the field of chemistry. . 

We turn now to the second embodiment of the invention herein which is directed 
to a process for the carbonylation of a compound having the formula: 
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said process compriskg the step of reacting cocq^oimd QKJ) with carbon monoxide in 
the presence of a catalytically effective amoimt of catalyst havmg the general fornxula 
(Lewis add]**^{[QM(CO)J'^}^ where Q is any Kgand and need not be presmt, M is a 
transition metal selected from the groxqp consisting of transition metals of Groups 4, 5, 6, 
7, 8, 9 and 10 of the periodic table of elements and z is the valence of the Lewis acid and 
ranges from 1 to 6, for example is 1 or 2, w is the charge of the metal carbonyl and 
ranges from 1 to 4 and is usually 1 and y is a number sudi that w times y equals z and x 
is a number such as to provide a stable anionic metal carbonyl for {[QM(CO)J'^}y, The 
reaction is carried out at a carbon monoxide pressure ranging from 100 to 10,000 psi, 
preferably from 75 to 1,200 psi and a temperature rangmg from O^^C to 120**C, 
preferably from 40 to 80 ""C, in the presence of catalyst in a mole ratio of the con:5)ound 
(XI) to catalyst ranging from 1: 1 to 10,000: 1, preferably from 100: 1 to 2000: 1, for 
exan:^)le over a time period ranging from IS noinutres to 96 hours. The catalysts usefiil 
for the second embodiment are the same as those usefiil for the first embodiment. The 
preferred catalyst for use in the second embodiment has been found to be Catalyst (C). 
The product coiiq)rise5 a mixture of the two isomeric oxamones, namely 4~methyl-2- 
phenyl-4,5-dihydro-[l,3] oxazfai-6-oue which has the formula: 




Ph 



and 5-methyl-2-phenyl-4,5-dihydro-[l,3] oxa2an-6-one which has the formula: 




Ph 
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Thus, the benzoyl substitueat on the aziridine participates in rearrangement to introduce 
the benzoyl into the ring of the product v^ere die oxygen of the benzoyl becomes a ring 
atom and the double bond of the caxbonyl of the benzoyl becomes part of the ring and 
the phenyl of the benzoyl is directly bonded to a ring carboa atom. 

We turn now to the third embodiment of the invention bereia. Catafysts the same 
as catalyst (B), (E}\ (F), (G), (H) and (J) but with diflferent neutral two electron donor 
from THF can be prepared the same as the correq>onding catalysts with THF by 
synthesizing the catalyst by method comprising adding source of different neutral two 
electron donor (e.g., diethyl ether, acetonitrile, carbon disulfide orpytidine) instead of 
THF for reaction of [Lewis acid]-X and [QM(CO) J-Y in the general reaction described 
above. 

The following background Examples 1 and 2 illustrate the synthesis of coiDpound 
(I) for use in the Reaction Examples XXm and XXIV. The following Catalyst Synthesis 
Examples 1-8 illustrate making of the catalysts used in Reaction Examples and synthesis 
of catalysts of the third embodiment herein. Catalyst (H) used in Reaction Examples 
was made as desciibed in Merola, IS., et aL, Inorg. Cheat 28, 2950-29S4 (1989). 
Catalyst (J) used in a Reaction Examples hereinafter was n:iade as described in Evans> 
WJ., et al, Inorg. Chem. 24, 4620-4623 (1985). 

The foUowmg working Examples I - XLIU and associated tables, illustrate the 
methods herein. 

Background Example 1 
Svntheas of 7-Benzyl"7-Azabicvclor4.1.01heptane 
a) Synthesis of 2-Benzylamino-cyclohexanoL To a solution of cyclohexene 
oxide (5 g, 51 mmol) in 10 nil CH^CN, anhydrous IiC104, (5.44 g., 51 mmol) was 
added and stirred until complete dissolution of the salt occurred The resulting solution 
was treated Tvith Ihe required amount of ben2ylamine (5.5 g, 5 1 namol) at room 
temperature with stirring. The reaction mixture was then stirred for 24 h at room 
temperature. At the end of the reaction, 100 rd water was added and the sohxtion stirred 
for 30 min, extracted into diethyl ether (3 x 25) and finally crystallized from hot hexanes. 
(5.0 g, 50% yield). 
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*HNMR(CDCL3, 300 MHz): 6 0.93-1.10 (IH, m), 1.18-1.33 (4H, m), 1.71 (2H, m), 
2.05 (IH, m), 2.15 (IH, m), 2.31 (IH, m), 3.20 (IH, m), 3.35 (Ih, br), 3.68 (IH, d, 7= 
12.9 Bz% 3.95 (IH, d, J= 13.0 Hz), 7.23-7.35 (5H, m). 

b) Cyclization of 2-Benzyhiiiino-cyclohexanoL Diethyl azodicarboxylate 
(Aldrich, 95 %, 3.6 nd, 22.6 mmol) was slowly added to an ether sohitiou (50 ml) of 2- 
ben2ylainino-cyclohexanol (3.1 g, 15 mmol) and PPhj (5.94 g, 22.6 mmol) under Nj, 
with stiniag, in an ice-bath. After addition, the ice bath was removed, and the mixture 
stirred at room temperature for 36 h. The resulting crystalline precipitate was jSItered 
and the solvent removed from the filtrate by rotary evaporation to yield the crude 
product, which was purified by column chromatography (petroleum ether: diethyl ether = 
50:50) (2.1 g, 75% yield). 

^HNMR(CDCl3, 300 MHz): 6 1,31 (4H, m), 1.63 (2H, m), 1.83 (4H, m), 3048 (2H, s), 
7.31 (5H,m). 

Background Exauyle 2 
Synthesis of 2-Methvl-l-Tosvl-A2iridine 
2-Methylazuidine (3.6 ml, 51 mmol) was added to a 10% aqueous KOH solution 
(30 ml) and cooled in an ice bath for 30 min. To this solution p-toluenesulfonyl chloride 
(9.9 g, 52 mmol) was added rapidly vMq maintaining the temperature bdow 4''C. The 
resuttmg mixture was stirred for 30 min at 0**C, then stirred at room temperature 
ovemigiht. The white precipitate was washed multiple times with cold water and dried 
under vacuum. The washed product was dissolved in hot petroleum ether and allowed 
to ciystallize at 6*'C, yielding colorless crystals (6.3 g, 57 % yield). 
'HNMR(CDCl3, 300 MHz): 6 1.26 (3H, d, 7= 6.0), 2.02 (IH, d, J= 4.5 Hz), 2.44 
(3H, s), 2.58 (IH, d, J= 6.9 Hz), 2.82 (IH, m), 7.31 (2H, d, J= 8.1 Hz), 7.80 (2H, d, J 
= 8.1 Hz). 

Catalyst Synth esis Kxample 1 
Synthesis of Catalyst (G) 
AH manipidations were performed with strict au-free techniques. All reagents 
and solvent were dried and degassed prior to use. In a drybox, N,N'-bis(3,5-di-^gr/'- 
butylsahcy]idene)-l,2-phenylenediamine (1.38 g, 2.55 mmol) was placed in a Schlenk 
tube equipped with a stir-bar and an air-free addition funnel charged with diethyl 
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aluminum chloride (Aldrich, 1.8 M in tohieae) (L42 nj, 2.5 mmol). Upon removal to 
the bench top, the Hgand was dissolved in 20 ml of CHjCSa^ Saving a pale orange 
sotation. Dropwise addition of diethji ^aluminum chloride sohition at room temperature 
resulted ia considerable evolution of gas, vsMch was vented, and a yellowing of the 
solution. After linsing of the addition fiumel several times with CHjCl^, the sohition was 
stirred for 8.5 hours during vMch a copious amomit of yellow precipitate formed. In 
vacuo solvent removal gave a yellow solid which was rinsed 3-4 times with hexanes (10- 
20 ml) and then pumped down. The Schlenk tube was brought into a drybox where 
white powdery sodium cobalt tetracarbonyl (0.49 g, 2.53 mmol), stored at -35°C imder 
nitrogen, was added. Upon removal to the bench and addition of tetrahydrofuran (30 
ml) at room temperature, the solution immediately turned a deep red. The foil wrapped 
tube stirred for two days and was concentrated to 5-10 ml, layered with hexanes (50 ml) 
and left to sit for a day. Significant amounts of yellow and vAute precipitates as well as 
masses of X-ray quality red crystals formed. The red crystals were the desired product, 
Catalyst (G). The unpurities were easily washed away with repeated rinses of hexanes 



allowmg isolation of pure catalyst [(salph)Al(TEBP)J[Co(CO)4], (G) (2.10 g, 93% yield). 
^HNm(C^^ 300 MHz) 6 9.53 (s, HOii), 8.35 (s, HAx), 8.14 (s, HAi), 7.92 (s, 
HAxX 7.50 (s, J^Ar), 7.16 (s, HC^^l 3.23 (s, O-CH^, 1.70 (s, CiCH^),), 1.46 (s, 
C{CH^)^X 0.83 (s, OCHaCAQ, spectrum shown in HG. 1. IR (KBr): v^, = 1885 cm-\ 
Crystal data: triclmic, a = 12.0136(6) A, b = 13.2447(7) A, c = 15.2876(8) A, a = 
101.560(1)% p - 91.506(1)% Y = 90.295(1)% V = 2382.1(2) A^ space group P-1; Z = 
2, formula weight 880.91 for C4oH4^CoN204-2C4HaO and density (calc.) = 1.228 g/ml; 
R(F) = 0.0553 and Rw(F) = 0. 1474 (I>2a(I)). 



In a glovebox, a Schlenk tube was charged with 2.58 g (4.73 mmol) (jR,R)-(-J' 
A^,A^-bis(3,5-di-/5r^butylsahcylaldehyde)-l,2-cyclohexanediamnie, 0.615 g (5.01 romol) 
of chrormum (II) chloride (Strem, 99.9% anhydrous, used as received) and a teflon- 
coated magnetic stir-bar. THF was canulated in and the reaction was left stir for 6 hours 
at which point it was opened to the ak and left to stir for 12 honrs. The resultant cloudy 



Catalyst Synthesis Example 2 
Synthesis of Catalyst (B) 
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browa-red solution was rinsed into a separatoiy iiinnel wifli 500 ml tert-bntyl methyl 
efher^ washed four times with 300 ml saturated ammonium chloride and four times with 
300 ml saturated sodium chloride. The solution was dried with sodium su^hate, 
rotovaped to a red solid and reorystallized from acetonitrile to give 1.33 g (43% yield) 
of large red diamond shaped ciystals Compound (C) which were characterized 
by IR and X-ray crystallography. Compound (C) was determined to have the structure: 




£q a gloveboc, a Schlenk tube was charged with 1.03 g (0.80 mmol). Compound 
C, 0.32 g (1.65 mmol) NaCo(CO)4(Catalyst(D)) and a teflon-coated magnetic stir-bar. 
THF was canubted m, tiie tube was covered m foil and the solution was left to stir for 
three days at which time it was concentrated in vacuo, Hexanes were layered on top of 
the dark red solution and the sohition was left to ^ for six day, although crystals had 
began to form within a day. A flocculent yellowish-vsdiite precq)itate was separated from 
the large red blocks of crystals by repeated wasliing with hexanes. Isolation gave 1. 14 g 
(88% yield) of pure Catalyst (B) which was characteiized by EEt and X-ray 
crystallography. 

Catalyst Synthesis Example 3 
Synthesis of Cataly «gt (D^ 
Catalyst (D) was synthesized as described in EdgeH, W. F., et aL, Inorg. Chem. 
1970, 9, 1932-1933. 
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Catalvst Svafliesis Example 4 
Svntheas of Catalyst (E^\ 
Synthesis of Catalyst (£}) differs from that of Catalyst Synthesis Example 1 in 
one aspect only; in this synthesis (2?,/y-^y-7\/;7\r-bis(3,5-di-/er^butylsahcyM 
cyolohexanediamine was used instead of A^,A^-bis(3,5-di-/^r/-butylsalicylaldehyde)-1^2- 
phenyl^ediamine. 

Catalyst Synthesis Example 5 
Synthesis of Catalyst (E^^ 

In a glovebox, a Schlenk tube was charged with 0,64 g (1.06 mmol) (IiR)''{-y 
J\^A^*bis(3,5-di-^er^butylsaHcylaIdehyde)-l,2-cyclohexanediarainoc^ (DI) 
chloride (Aldrich), 0.21 g (1.06 mmol) NaCo(CO)4 (Catalyst (D)) and a teflon-coated 
magnetic stir-bax. THF was canidated m, the tube was covered in foil and the solution 
was left to stir for two days at which time it was concentrated in vacuo, Hexanes were 
layeied on top of the dark red solution and the solution was left to sit for six day, 
although crystals had began to form within a day. A flocculent yellowish-white 
precipitate was separated from the large red blocks of crystals by repeated washing with 
hexanes. Isolation gave 0.52 g (60% yield) of pure Catalyst (&) vAich was 
characterized by IR and X-ray ciystallography. 

Catalyst Synthesis Example 6 
Synthesis of Catalyst (V\ 

In a glovebox, a Schlenk tube was charged with 0.28 g (0. 5 1 mmol) 
bis(3,5-di-ter/-butylsaUcylaldehyde)-l,2-phenylenediamine, 0.21 g (5.18 mmol) sodium 
hydride and a teflon-coated magnetic stir-bar. THF was canulated k with considerable 
ebullition. The headspace was removed and the solution was stirred at 50**C for 22 
hours at which point the excess sodium hydride was filtered ofl^ using air-free technique, 
and the solution added to a Schlenk tube charged with 0.07 g (0.55 mmol) chromium 
(n) chloride and a teflon-coated magnetic stir-bar. The headspace was removed and the 
solution heated at 50°C for 6 homs at which point the dark brown solution was filtered, 
to remove any NaCl, into a Schlenk tube charged with 0.09 g (0.26 mmol) dicobalt 
octcarbonyl and a teflon-coated magnetic stir-bar and stirred for 24 hours. The volume 
of sohition was reduced in vacuo and hexanes layered on top. After two weeks the dark 
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red crystals were isolated canulating off the motlLer fiquor and mshing the remaiimg 
material wtth copious amounts of hexanfes resulting in the isolation of 0.26 g (70% yield) 
of Catalyst (F) which was characterized by IR and X-ray crystallography. 

Catalyst Synthesis Example 7 
Synthesis of Catalyst ( Hi 

This catalyst was made essentially the same as Catalyst (G) (Catalyst Synthesis 
Example 1) except that the starting material was 4,5-dimethyl-[N,N-bis(3,5-di-tert- 
butylsalicylidenene)]- 1 ,2-phenylenediamine. 

Catalyst Svnth egia RYamplft R 
Synthesis of Catalyst (TS 

The catalyst was made essentially the same as Catalyst (E*) (Catalyst Synthesis 
Example 5), except that the starting material was (TPP) CrCl where TPP means 
tetraphenylpoiphyrin (TPP) CrCl is commercially available. 

Carbonylation Reaction Examples I - Xin 

Carbonylation reactions within the scope of the invention were carried out as 
follows for Examples I- VI. A 100 ml Parr reactor was dried at 90°C, under vacuum 
overnight. In a diybox, it was cooled k a -35 °C freezer for at least 1.5 hours and 
equipped with a small test-tube and magnetic stir bar. The test-tube was charged with 
0.500 ml of conq)omid (I) as described m Table 1 below, stored at.-35°C, and catalyst 
as described in Table 1 below and amount thereof as described in Table 2 below. Upon 
removal from the diybox, the reactor was pressurized to pressure as described in Table 2 
below, placed m a preheated oil bath and the reactor was stirred at temperature as set 
forth in Table 2 for amount of tune as iadicated in Table 2 below. When the mdicated 
time had passed, the reactor was cooled in a bath of dry ice/acetone until the pressure 
reached a minimum and then slowly vented. The crude mixture was subjected to NMR 
analysis. Trapping of vented gases indicates that only 2-5% of the material is lost. 
Vented gases contained the same ratios of compounds (within 3-4%) that remained in 
the reactor. Results are set forth in Table 3 below. 

Reaction conditions for the carbonylation reaction of Exanople VII were as 
follows and also include the conditions set fordi in Table 2 below for Example VII: 
Using a gas-tight syringe, dry and degassed diglyme (20 ml) and propylene oxide (10 ml. 
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143 mmol) were injected into a 100 ml Parr pressure reactor equ^ped with a ball valve 
and a septum and previously charged, in a glovebox, with Catalyst (B) (0. 13 g, 
0.08 mmol). The reactor was pressured up to 1020 psi with carbon monoxide and 
stirred via the attached inqpeUer at 7S^C for 21 hours at which point it was cooled to 
3 °C in an ice bath and vented. 

Reaction conditions for the carbonylation reaction of Exanqile Vm were as 
follows and also included the conditions set forth in Table 2 below for Exan^le VHI: 
U^g an air-free graduated cyhnder, 20 ml (285 mmol) propylene oxide was canulated 
into the above mentioned Parr reactor charged as above with 0.25 g (0. 16 mmol) 
Catalyst (B). The reactor was pressured up to 810 psi with carbon monoxide and stirred 
at room temperature (22 ^'C) for 16 hours at which point it was cooled in an ice bath and 
vented. 

Reaction conditions for the carbonylation reaction of Example IX were identical 
to those of Example VII except triglyme was used instead of diglyme and the scale was 
diflferent (7 ml triglyme, 3.5 ml (50 mmol) propylene oxide, 0. 15 g (0.09 mmol) Catalyst 
(B)) with the additional diiBferences as set forth in Table 2 below. 

Reaction conditions for the carbonylation reaction of Exaxtq>le X were identical 
to those of Example Vm except for the use of 0.07 g (0.09 mmol) Catalyst (B) and 
except for the differences set forth in Table 2 below. 

Reaction conditions for the carbonylation reaction of Example XI were identical 
to tiiose of Exan:^)le VIII except for the use of 0.08 g (0. 10 mmol) Catalyst (E^) in place 
of Catalyst (B) and except for the differences set foith in Table 2 below. 

Reaction conditions for the carbonylation reaction of Example Xn were identical 
to those of Exaniple VDI except for the use of 5 ml (7 1 minol) propylene oxide and 
0.05 g (0.04 mmol) Catalyst (F) in place of Catalyst (B) and except for the differences 
set forth in Table 2 below. 

Results for Examples VII - XII are set forth in Table 3 below. 

The carbonylation reaction for Example Xin was carried out as follows. A 100 
ml Parr reactor equipped with a mechanical stirrer was heated at 80 °C, under vacuum, 
overnight. The reactor was charged with propylene oxide and catalyst (D), (0. 15 M 
solution in triglyme), in the drybox. Upon removal from the drybox, the reactor was 
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pressured to 1,000 psi with carbon monoxide and heated at 80 °C with stirring for 16 
hours. The catalyst was used in amount of 2 mole percent Co by weight of epoxide. 
After the 16 hours, the reactor was cooled in an ice bath until the pressure reached a 
minimum and then slowly vented. The crude noixture was subjected to NMR analysis. 
Catalyst and compound (I) are set forth in Table 1 below. Reaction conditions are set 
forth in Table 2 below. The results for Exan^le XIII are set forth in Table 3 below. 

The resulting P-lactone products were obtained as crude mixtures. Purification 
to obtain purified P-lactone products is readily carried out by vacuum distillation, flash 
column chromatography or other standard purification techniques. 



wo 03/050154 




PCTAJS02/36140 



-33- 

Table 1 listing the catalyst and con:]pound (I) for each of Exanaples I - XDI is set 
fisrth below: 

Table 1 



Example 


Catalvst 


LfOnipoiinG (1,1 


I 


G 


R-propylene oxide 


n 


G 


propylene oxide 


m 


G 


l-butme oxide 


IV 


G 


epichlorohydria 


V 


G 


isobutylene oxide 


VI 


G 


2,3-epoxybutane 


vn 


B 


propylene oxide 


vm 


B 


propylene oxide 


IX 


B 


propylene oxide 


X 


E» 


propylene oxide 


XI 




propylene oxide 


xn 


F 


propylene oxide 


xnr 


D 


propylene oxide 



Table 2 Hsting for the reaction conditions for each of ExaD:5)les I-Xm, is set 
forth below: 

Table 2 

Compound (I) charged/ 







Pco 


T 




catalyst charged (Co basis^ 


Example 


lime(h) 


(Esi) 




Solvent 


(mole Tatio^ 


I 


1 


880 


50 


neat 


100:1 


n 


1 


880 


50 


neat 


100:1 


m 


2.5 


880 


50 . 


neat 


100:1 


IV 


9.5 


880 


50 


neat 


100:1 


V 


1 


880 


50 


neat 


100:1 


VI 


7.5 


880 


75 


neat 


50:1 


vn 


21 


1020 


75 


diglyme 


1800:1 


vm 


16 


810 


22 


neat 


1800:1 


IX 


12 


870 


75 


tiiglyme 


525:1 


X 


96 


960 


75 


neat 


3300:1 


XI 


95 


940 


75 


neat 


2900:1 


xn 


4 


900 


80 


neat 


1800:1 


xm 


16 


1000 


80 


tnglyme 


50:1 
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Co basis was used in defining Coxxspoxaid (I) charged/catalyst charged mole ratio 
because all the catalysts have tiie common feature of Co(CO)4 anion so this provides 
standardization. 

Table 3 presenting results lor Examples I-Xm is set forth below where percent 
conversion and percent selectivity are as described previously and TON means turnover 
number and is moles compound (L) consumed divided by moles catalyst charged. 

Table 3 





Conversion 


Selectivity 




Exaiiq>le 


(%) 


(%) 


TON 


I 


95 


>99 


95 


n 


95 


>99 


95 


ni 


99 


>99 


99 


IV 


73 


>99 


73 


V 


83 


>99 


83 


VI 


80 


70 


40 


vn 


72 


>95 


1300 


vra 


40 


>99 


730 


IX 


90 


>99 


460 


X 


69 


80 


2200 


XI 


52 


85 


1500 


xn 


86 


96 


1600 


Xffl 


52 


12 


2 



In Example I, the product was R-BBL. 

In BxaxrtplG Xm, 6% acetone and 40% polymer were also produced. 
Carbonvlation Reaction Examples XIV - XXI 

The carbonylation reactions of these exan[q)les were carried out in the presence 
of 5 mole % catalyst G (0.2Mn DME) under a carbon monoxide pressure of 900 psi. In 
each case the compound (I) was presaat m amount of 1.92 nmnoL The Exanople number, 
compound (I), temperature of reaction, time of reaction, product and yield obtained, are 
listed in Table 4 below: 



1 
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Table4 



Example 


Substrate 


Teinp 
CQ 


Time. 
00 


ProdUds 


T$eld% 


XIV 




60 


4 




95 


XV 




60 


4 




95 


XVI 




60 


4 




99 


xvn 




60 


4 




90 


xvm 

XK 
XX. 
XXL 


0 

V 


60 
50 
60 
60 


5 
3 
10 
10 




60 
90 
99 
75 



The yields were deterauned by 'H NMR spectroscopy. The enantiomeric excess for 
Exaiiq)le XV was greater than 99% (R)-P-biityrolactone. The results for Examples 
XIV, XV, XVI, xvn, xvm, XX and XXI were 100% regioselective, that is the 
insertion occurred at the less substituted carbon. In the cases of Exanaples XK, 
insertion at the more substituted carbon is also present and the two products are shown. 
In Table 4, the compound (I) for Example XIV is propylene oxide, the compound (I) for 
Exanqjle XV is (R)-propylene oxide, the conq)omid (I) for Example XVI is 1,2- 
epoTcybutane, the compomid (I) for Example XVn is l,2-epoxy-5-hexeae, the conopound 
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0) for Exanq^le XVIQ is epichlorohydrin, the conipound (I) for Exaixple XDC is 
isobutyleae oxide, the compoimd (I) for Example XX is c/5-2,3-epoxybutane and the 
compoimd (I) for Example XXI is />'a7z;-2,3-epoxybutane. 

Carbonvlation Examples XXII-XXV 
The carbonylation reactions of these exairples were carried out in the presence 
of S mole % catalyst (G) and for each substrate also with catalyst (H) (0.2M in DME) 
under a carbon monoxide pressure of 900 psL In each case the conapoimd (I) was 
present in amount of 1.92 mmoL The example number, compound (I), temperature of 
reaction, tune of reaction, product and yield obtained, aie listed in Table 5 below: 

Table 5 



Example 


Substrate 
0) 


Catalyst 


Temp 
(V 


Time. 

Oi) 


xxn 


y 


G 
H 


60 
60 


6 
6 


xxm 




G 
H 


80 
80 


18 
18 


XXIV 




G 
H 


90 
90 


6 
6 


XXV 


ptr 


G 


60 


5 



Products 



Yield 
% 




90 
50 



80 
<5 



35 
99 



95 



The yields were determined by *H NMOR. spectroscopy. The results for Examples XXII, 
XXni and XXIV were 1 00% regioselective. In the case of Example XXV, insertion at 
the more substituted carbon is also present and the two products are shown in Table 5. 
In Table 5, Ph is phenyl, Ts is tosyl and TBSO is fer/-butyldimethylsilyloxy. Hie 
compound (I) for Exauqple XXH is l-benzyl-2-methyl aziridine, for Exanqile XXDI is 7- 
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ben2yl-7-azabicyclo[4. l.OJheptane, for Example XXIV is l-tosyl-2-mefhylazaridiae and 
for Exairple XXV is cis-lA}&si2yl-2-{teiiA)uty]^^ 

Carboavlation Example XXVI 
Oxetane was carbonylated ia the presence of 1 mole % catalyst (&) imder a 
carbon monoxide pressure of 880 psi, neat, for 1.5 hours at SO^'C. The product of 
mterest was 




The percent conversion was about 30% (includes product of interest and other 
products). 

Carbonvlation Example XXVn - XXXVEL 
These examples involve carbonylation of P-lactones according to the foUownig 
reaction equation: _ _ 




The startkg materials, reaction conditions and results are given in Table 6 below. In 
respect to the starting materials, in each, case and are H. 
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Table6 



Example 






Catalyst and 
its amount 


Solvent 


Time 
(h) 


Ten^t* 
(r> 


Conversion 
% 


xxvn 


H 


Me 


E\l% 


DMB 


5 


80 


35 


xxvm 


H 


Me 


E\2% 


DMB 


5 


80 


65 


XXDC 


H 


Me 




DME 


5 


80 


60 


XXX 


H 


Me 




DMB 


14 


80 


>90 


XXXI 


H 


Me 






8 


80 


80 


xxxn 


H 


Me 






24 


80 


84 


xxxm 


H 


Me 




DMB 


20 


50 


85 


XXXIV 


H 


£t 


G^,5% 


DME 


10 


80 


70 


XXXV 


H 


CCI3 


G\5% 


DME 


24 


75 




XXXVI 


Me 


H 


G\5% 


DME 


5 


80 


95 


xxxvn 


Ph 


H 


CP,5% 


DMB 


10 


80 


80 



In the above table. Me is metbyl, £t is ethyl, Ph is pheayl and DME is dimethoxyethane. 

Carhotiylflf inn Fyam ple XXXVIU 

The compound (I) was beozyl glycidyl ether. The ben2yl glycidyl ether was 
carbonylated in the presence of I mole % catalyst (H), neat, under a carbon monoxide 
pressure of 800 psi for 1 5 hours at 5 0 C, 

Carbonvlation Example XXXIX. XL and XLI 

For Example XXXK, the compound (I) was 1-buteneoxide. For Exarc5)le XL 
the compound (I) was 1-heptene oxide. For Example XLI, the cotrpoxind (I) was 
cyclooctene oxide. In each case the compound (I) was carbonylated in the presence of 
0.4 mole % catalyst (J), neat, under- a carbon monoxide pressure of 1,000 psi for 20 
hours at 60°C. The product of Caibonylation Example XLI was 9-07ca- 
bicyclo[6.2.0]decan-10-one and has the structure: 
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Carbonvlat inn Eyam ple XLII 
He compoimd (I) was cyolododecene oxide. The cydododecene oxide was 
carbonykted in the presence of 1.67 mole % catalyst (G), neat, under a carbon 
monoxide pressure of 1400 psi for 6 hours at SO^^C. The product was 13-oxa- 
bicyclo[10.2.0]tetradecan-14-one and has tlxe structure: 




Carbonvlation Example XLIII 
The compound (I) was: 



O^Ph 



The compouad (I) was carbonylated in the presence of 5 mole % catalyst (C), in 
dimethoxyethane under a carbon monoxide pressure of 900 psi for 4 hours at 50° C. The 
reaction product was a mixture of the two isomeric oxaanones: 





4-Metfayl-2-plieiiyl-4^-dihydro- 5-Methyl.2-phenyI-4,5-<iihydro- 
ri.3]oxazin-6-one [t,3]oxazin-6-one 

70 30 
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Vaiiationg 

Many variations will be obvious to those skilled in the art. Itus, the scope of the 
invention is dejBned by the claims. 



t 
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WHAT IS CLAIMED IS : 

1. A process for the carbonylation of a conqjound having the fontuila: 




where R,, R3 and R4 are selected from the group consisting of hydrogen, 
Ci-Cioo.ooo""^lkyl3 C^-Cioo^ooo^^ll^^iiyl C^^^Q QQQ-aryl, where the alkyl, alkenyl and aryl 
are optionally substituted with halogen or benzyl ether, and alkylaryl, ester, ketone, 
alcohol, acid, aldehyde, amide and tosyl containing from 1 to 20 carbon atom, and 
benzyl ether, alkyl substituted sflyl ether where the ether group is C1-C5 alkylene and 
alkyl substitution consists of one to three Cj-Q allcyl(s) substituted on silyl, and any 
other functionality that the catalyst refened to below is tolerant oi^ and where Rj and R4 
can join to form a ring, and X is selected from the group consisting of O, S and NRj 
where R5 is selected from the group consisting of hydrogen, Ci-C,oo,ootf-alkyl, Cj-Ciootooo- 
alkenyl and CerCioo.oo<raryl where the alkyl, alkenyl and aryl are optionally substituted 
with halogen or benzyl ether, and alkylaryl, ester, ketone, alcohol, acid, aldehyde, amide 
and tosyl containing from 1 to 20 carbon atoms, and beniyl ether, alkyl substituted silyl 
ether where the ether gioup is Ci-Cg-alkylene and where the alkyl substitution consists of 
one to three Cj-Cg alkyl(s) substituted on silyl, and any other fiinctionality that the 
catalyst referred to below is tolerant of and does not cause rearrangement, and where n 
is 0 or 1, and Y is C==0 or CHj, said process comprising the step of reacting compound 
(I) with carbon monoxide in the presence of a catalytically effective amoxmt of catalyst 
having the general foimula [Lewis acid]^([QM(CO)J'^}y where Q is any ligand and 
need not be present, M is a transition metal selected from the group consisting of Groups 
4, 5, 6, 7, 8, 9 and 10 of the periodic table of elements, z is the valence of the Lewis acid 
and ranges from 1 to 6, w is the charge of the metal carbonyl and ranges from 1 to 4 and 
y is a nuniber such that w times y equals z, and x is a number such as to provide a stable 
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anionic metal caitonyl for {[QM(CO)J'^}y, to form a product having the structural 
formula: 



where Rj, R2, R3 and R4 and X correspond to R^, Rj, R9, R4 and X ia (I) including R2 and 
R4 forming a ring if that is the case for (I); and in the case where n for (I) is 0, n for (IT) 
is 0 or 1, and in the case where n for (I) is 1, n for (II) is 1; said catalyst excluding 
catalyst formed from the combination of a cobalt source and a hydroxy substituted 
pyridine. 

2. Tho process of Claim 1 where n for (I) is 0 so that the structural formula for 
(I) becomes: 




and the product has the structural formula: 




2 



^3 




(TV) or 




(n) where 



R2 Ra 
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nis 1 audYisC^O. 

3. The process of Claim 2 where the catatyst is [(sa^h)Al(THF)J [€0(00)4] 
\^ere THF is tetrahydrofiiraa and which has the structural formula: 



where So is tetiahydrofiuan and *Bu is t-butyl 

4. The process of Claim 3 whereiu the reaction is carried out at a carbon 
monoxide pressure rangmg fiom 100 to 10,000 psi and a temperature ranging from O'' to 
120 °C in the presence of catalyst in a mole ratio of conq)Ound (DI) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

5. The process of Claim 4 where X for (HQ is O. 

6. The process of Claim 4 where the compoxuid (lH) is propylene oxide. 

7. The process of Claim 4 where the confound (Ut) is (/?)-propylene oxide and 
the product is (R)-p-butyrolactone. 

8. The process of Claim 7 v\diere the reaction is carried out at a pressure 
rangmg from 850 to 900 psi and a t^erature rangmg from 0 to 120 °C, over a time 
period ranging from 0.75 to 1.5 hours. 

9. The process of Claun 4 where the conopound (10) is l-butene oxide. 

10. The process of Claim 4 where the comp!ound (m) is epichlorohydiin. 

1 L The process of Claim 4 where the conq)ound (m) is isobutylene oTdde. 

12. The process of Claim 4 where the compound (DI) is 2,3-epoxybutane. 

13. The process ofClaim 4 where X is NR5. 

14. The process of Claim 13 where the compound (HI) is l-ben2yl-2-methyl 
aziridine. 

15. The process of Claim 13 where the compomid QB) is l-tosyl-2- 
methylaziridine. 




(V) 
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16. The process of Claim 13 where the conqjoimd (HI) is c7j-l-benzyl-2-(/er/- 
butyldimediylsQoxymethyl)-3-methyl aziridine. 

17. The process of Claim 2 where the catalyst is 




where *Bu is t-butyl and So is tetrahydrofuran. 

18. The process of Claim 17 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a temperature rangmg from O'^C 
to 120''C m the presence of catalyst in a mole ratio of compound (DI) to catalyst (cobalt 
basis raning from 1:1 to 10,000:1. 

19. The process ofClaim 18 where X for (HI) is O. 

20. The process of Claim 19 vJb&TQ the compound (US) is ben2yl glycidyl ether. 

21. The process of Claim 2 where the catalyst is 




where So is tetrahydrofijran and Ph is phenyL 

22. The process of Claim 21 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a ten5)erature ranging from O^'C 
to 120 ""C in the presence of catalyst hi a mole ratio of compound (HI) to catalyst (cobalt 
basis) rangmg from 1:1 to 10,000:1. 

23 . The process of Claim 22 vy^ere X for (UI) is O. 

24. The process of Claim 23 where the compound (HI) is 1-butene oxide. 

25. The process of Claim 23 where the compound (HI) is 1-heptene oxide. 
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26. Tbe process of Claim 23 where the compound (HI) is cycloocteiae oxide. 

27. The process of Claim 2 where the catalyst has the structure 



where M is a metal such that (VI) is stable. 

28. The process of Claim 27 where the catalyst has the structure (VI) wiiere M 
is trtanium with a valence of three. 

29. The prcicess of Claim 28 where the reaction is carried out at a carbon 
monoxide pressure i anging from 100 to 10,000 psi and a temperature ranging from O'^C 
to I20^C in the presience of a catalyst in a mole ratio of compound (HI) to catalyst 
(cobalt basis) ranging from 1: 1 to 10,000:1. 

30. The process of Claim 29 where X for the compound (m) is O. 

31. The process of Claim 30 where the conipound (EQ) is propylene oxide. 

32. The process of Chiim 3 1 where the compound (HI) is i?-propylene oxide. 

33. The process of Claim 30 vAxqto the compound (TO) is 1,2-epoxybutane. 

34. The process of Claim 30 where the compound (US) is l,2-epoxy-5-hexene. 

35. The process of Claun 30 vAxeio the conopound (HI) is epichlorohydrin. 

36. The process of Claim 30 where the compound (IE) is isobutyl^e oxide. 

37. The process of Claim 30 where the conpound (HI) is cis-2,3-epoxybutane. 

38. The process of Claim 30 where the compound (HI) is trans^2,3- 
epoxybutane. 

39. The process of Claim 29 where X for the con^oxmd (US) is NR5. 

40. The process of Claim 39 where the compound (HI) is l-ben2yl-2-methyl 
aziridine. 

41. The process of Claun 39 where the compound (US) is 7-benzyl-7- 
azabicyclo[4. 1.0]heptane. 

42. The process of Claim 39 where the compound (III) is l-tosyl-2- 
methylaaridine. 
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43. He process of Claim 39 where the conq)Oimd (HI) is cis-l-beiizjd-2-(/er/- 
1mtyhnetbyMyloxym6thyl)-3-me1hylazmd^ 

44. The process of Claim 1 where n for (I) is 1 andYis C=0 or CHj. 

45. Hie process of Claim 44 where the catalyst has the stmcture 



where THF is tetrahydro&ran and TSu is t-butyl and M is Al. 

46. The process of Claim 45 ^ere the reaction is carried out at a carbon 
monoxide pressure rangmg from 100 to 10,000 psi and a temp^ature ranging from 0**C 
to 120°C in the presence of a catalyst in a mole ratio of conqpomid (I) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

47. The process of Claim 46 where the compound (I) is oxetane. 

48. The process of Claim 46 vAiexQ Y is C=0 and Rj and for the compound 
COarebothH 

49. The process of Claim 48 where R4 for the confound (I) is H. 

50. The process of Claim 49 where Rj for the compound (I) is Me. 

5 1 . The process of Claim 44 ^ere the catalyst has the structure 



O 





where M is titanium with a valence of three. 

52. The process of Claim 51 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a tenqjerature rangmg from O'^C 
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to IZO^'C in the preseace of a catalyst in a mole ratio of conq>ound (I) to catalyst (cobalt 
baas) ran^g from 1:1 to 10,000:1. 

53 . Tte process of Claim 52 where Y is C=0. 

54. The process of Claim 53 where Rj, Rg and R4 for the conq)ound (I) are H. 

55. The process of Claim 54 where for the con:9)Ound (I) is Me. 

56. The process of Claim 54 where R2 for the conspoimd (I) is £t 

57. The process of Claim 54 where for the compound (I) is CCI3. 

58. The process of Claim 52 vAqiq Rj, R^ and R4 for the compoimd (I) are H. 

59. The process of Claim 58 vAiqtg R3 for the conapound (I) is Me. 

60. The process of Claim 58 where R3 for the con5)ound (I) is Ph. 

6 1 . The process of Claim 44 vdiere the catalyst has the structure 




where M is saanarium with a valence of three. 

62. The process of Claim 6 1 where the reaction is carded out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a temperature rangmg from 0°C 
to 120 **C m the presence of a catalyst in a mole ratio of confound (1) to catalyst (cobalt 
basis) ranging from 1: 1 to 10,000: 1. 

63. The process of Claim 62 where Y is O=0 and R^, Rg and R4 for the 
compound (I) are H and Rj for the compound (I) is Me. 

64. The process of Claim 1 where in the [Lewis acid]^"*: portion of the catalyst a 
neutral two electron donor is present and fills the coordination valence of the cationic 
Lewis acid. 

65. The process of Claim 64 where the [Lewis acid]^* portion of the catalyst 
contains an aluminum or chromium center. 

66. The process Claim 65 where the neutral two electron donor is 
tetrahydrofiiran. 
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67. Hie process of Claim 1 vAsitre the catalyst has the structure 



Co(CO)4 



(VI) 



where M is a metal such that (VI) is stable. 

68. The process of Claim 67 where the reaction is carried out at a carbon 
monoxide pressure ranging from 100 to 10,000 psi and a ten5)erature ranging from O^^C 
to 120 °C itt the presence of a catalyst in a mole ratio of compound (I) to catalyst (cobalt 
basis) rangmg from 1: 1 to 10,000: 1. 

69. A process for the carbonylation of a compound having the formula 



where Ph is phenyl, said process comprising the step of reacting co]iq>ound (XI) with 
carbon monoxide in the presence of a catalytically e£Eeotive amount of catalyst having 
the general formula (Lewis acid]^{[QM(CO) J'^}, vSxctg Q is any ligand and need not 
be present, M is a transition metal selected fr om the group consisting of Groups 4, 5, 6, 
7, 8, 9 and 10 of the periodic table of elements, z is the valence of the Lewis acid and 
ranges from 1 to 6, w is the charge of the metal carbonyl and ranges from 1 to 4 and y is 
a number such that w times y equals z, and x is a number such as to provide a stable 
anionic metal carbonyl for {[QM(CO)J'^}y, to form a product which comprises a 
mixture of 




(XI) 




Ph 



and 
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70. A compound liaving the structural fommla: 



<^^V Co(CO)4' 
''Bu So <Bu 





(V) 



where 'Bu is t-butyl and So is a neutral two electron donor. 

71, The compound of Claim 70 where the neutral two electron donor is 
tetrahydrofijran. 

72. A compouid having tiie structural formula: 




'Bu ^ 

fej So 



f 

,Co 



(vni) 



\^diere the *Bu is t-hutyl and So is a neutral two electron donor 

73. The coropound of Claim 72 ^ere the neutral two electron donor is 
tetrahydrofuran. 
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74. A compoimd having the structural formula: 




fi 



(DC) 



where "Bu is t-butyl and So is a neutral two electron donor. 

75. Hie conqpomd of Claim 74 v»4iere the neutral two electron donor is 
tetrahydrofuran. 

76. A compound having the structure: 



-Co... 



(vn) 



"Where THF is tetrahydrofiiran and *Bu is t-butyL 

77. The compound of Claim 76 where M is AL 

78. The compound of Claim 76 where M is Cr. 



r 



WO 03/050154 




PCTAJS02/36140 



-51- 



79. A compound having the structure: 




U 



(X) 



vviiere *Bu is t-butyl and So is a neutral two electron donor. 

80, The compound of Claim 79 vAieve the neutral two electron donor is 
tetrahydrofuran. 

8L A compound havmg the structure: 



where Ph is phenyl and So is a neutral two electron donor 

82. The compound of Claim 81 where the neutral two electron donor is 
tetrahyrofuran. 

83. 9-Oxa-bicyclo[6.2.0]decan-10-one. 

84. 13-C)xa-bicyclo[10.2.0]tetradecan- 14-one. 

85. The process of Claim 1 where the [Lewis acid]^ portion of the catalyst does 
not contain a neutral two electron donor. 



"Co(CO)4 




(XX) 
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